Abstract The success of cancer therapy can be difficult to predict, as its efficacy is often predicated upon characteristics of the cancer, treatment, and individual that are not fully understood or are difficult to ascertain. Monitoring the response of disease to treatment is therefore essential and has traditionally been characterized by changes in tumor volume. However, in many instances, this singular measure is insufficient for predicting treatment effects on patient survival. Molecular imaging allows repeated in vivo measurement of many critical molecular features of neoplasm, such as metabolism, proliferation, angiogenesis, hypoxia, and apoptosis, which can be employed for monitoring therapeutic response. In this review, we examine the current methods for evaluating response to treatment and provide an overview of emerging PET molecular imaging methods that will help guide future cancer therapies.
Introduction
The potential of molecular imaging, which allows the visualization of fundamental biomolecular and cellular processes, is both vast and largely unrealized. Nevertheless, molecular imaging at the preclinical level has already led to a greater understanding of the pathophysiologic mechanisms that underpin neoplasm and may eventually promote more effective drug development through early target validation, pharmacodynamic monitoring, and target patient selection. The development of molecular imaging in the clinical setting has only just begun and could yield tremendous patient benefit in the form of earlier lesion detection, treatment response monitoring, and a truly individualized approach to treatment of cancer.
Much of the impetus behind "personalized medicine" in oncology is based on the weakness of current therapeutic options. Standard therapies for neoplasm characteristically suffer from low response rates and substantial side effects due to systemic toxicity, particularly in the treatment of disseminated solid tumors. The promise of a personalized approach is tied to improving these therapies through uncovering the underlying molecular and cellular pathophysiologic processes that dictate therapeutic susceptibility. Early efforts in personalized medicine have resulted in targeted, pathway-specific therapeutics and, along with them, the possibility of discovering and tailoring treatments based on individual tumor susceptibilities. In vitro studies of neoplastic tissue receptor expression and single gene mutations for pretreatment testing is commonplace in breast cancer, where testing for human epidermal growth factor receptor (EGFR) 2 (HER2) overexpression is measured to determine trastuzumab treatment susceptibility [1] . Similarly, testing for KRAS gene variants is required for testing EGFR antibody susceptibility and can additionally yield critical information in the use of EGFR kinase inhibitors [2, 3] .
While there have been some early successes in leveraging diagnostics for improved treatment, current in vitro tests reflect only a part of the underlying cancer biology that leads to drug susceptibility; this is reflected, for example, in the 50% of HER2-overexpressing breast cancers that do not respond to trastuzumab [4] . Advanced proteomic analysis, gene expression, and genome sequencing approaches are making headway in transitioning from the research setting to the clinical laboratory, but still need extensive validation before being clinically utilized to develop personalized therapies. Additionally, while advanced laboratory methods have promise for therapeutic planning purposes, monitoring response with repeated in vitro testing via biopsy is often impractical or impossible. In vitro material can be difficult to obtain and cancer adaptability and evolution over time can limit the utility of these studies. For example, histopathologic determination of the proportion of viable to nonviable cells after treatment correlates well with patient survival, but can only be applied to neoadjuvant therapies and cannot be repeated over time [5] [6] [7] .
Particularly as targeted therapies have become standard components of several cancer regimens, the ability to monitor the effect of these molecules clinically through noninvasive imaging techniques has become of great interest. Determination of nonresponders early in the therapeutic course through imaging critical molecular processes within cancer can lead to better treatment efficacy and fewer drug-related complications. Effective posttreatment evaluations can also give clinicians a means of targeting patients that need close follow-up. As it has become recognized that early determination of treatment efficacy is both critical for patient care and can be difficult or impossible to ascertain with current imaging methods, the evaluation of molecular biomarkers, noninvasively, at several points throughout the therapeutic course has served as the driving rationale for the development for many molecular imaging methods.
Several approaches for uncovering the cell-level effects of cancer therapy through molecular imaging have been developed and show promise as effective tools for tailoring and monitoring the therapeutic course. In this section we begin by briefly describing the current methods for monitoring clinical cancer response and then provide an overview of the most well-studied emerging molecular imaging techniques being developed for clinical cancer management.
Anatomic determination of therapeutic response
The evaluation of primary and metastatic tumor volumes, locations, and lymph node involvement via diagnostic imaging (along with pathology, when available) serves as the foundation for patient staging, treatment planning, and prognostic stratification. Anatomic measures of solid tumors have been the standard means by which therapy effectiveness is judged for many decades. Nearly all early phase trials for cancer therapeutics use reductions in total tumor bulk as a proxy for tumor progression or patient survival and are critical for managing trial completion time and cost.
However, there are several fundamental and practical limitations with using purely anatomic measures as a survival proxy. Firstly, some cancers are known to be not suitable for dimensional evaluation based on diameter, such as mesothelioma. While changes in tumor size are often correlated with patient survival times, this is not always true (melanoma and renal cell carcinoma being notable exceptions) [8] . Emerging agents are often not cytocidal (cell killing) but are either slowing or blocking tumor growth; thus, RECIST criteria are not helpful for (early) response assessment [9] . A phase III study evaluating erlotinib in non-small cell lung cancer patients demonstrated a median overall survival increase in 43% despite an anatomic response rate of less than 10% [10] . Further, anatomic response to cancer therapeutics can be delayed well beyond therapeutic inception, requiring additional scans weeks after treatment. Finally, even with improved RECIST guidelines in place, their application can be difficult as it is often clinically difficult to delineate between post-treatment scar tissue and residual tumor mass. Variability in tumor burden assessment can vary as much as 100% between different investigators [11] .
Physiologic/tumor perfusion imaging
Imaging the effect of therapy on physiologic measures, namely, determining tumor perfusion through dynamic changes in contrast enhancement, has become an attractive adjunct to objective anatomic response measures. Use of contrast agents to provide enhancement of tumor tissues has become a very common technique in the application of static CT and MRI in tumor imaging, often providing clinically improved detection and characterization of cancer lesions [12] [13] [14] [15] . The improved enhancement achieved through intravascular contrast administration is based on differences in the rate of contrast movement from intravascular to extracellular extravascular space between normal and tumor tissues, and its retention within these tissues. Accordingly, changes in contrast enhancement over time can provide additional information about tumor perfusion and serve as a proxy for tumor microvessel density (MVD), a known prognostic factor in many cancer types [16] [17] [18] . Actual pathologic assessment of MVD is invasive, may not be repeatable, and depends on where the sample was taken within the tumor (vessel density is highest at the periphery) [19] . Critically, in vivo measures of tumor perfusion may also predict therapeutic response to agents that target and disrupt tumor microvasculature.
Static physiologic imaging
The change in contrast before and after the administration of iodinated contrast media is a simple method for approximating tumor perfusion. This change is commonly the difference between mean tumor signal before and after contrast administration (the "tumor perfusion score") or the percentage of tumor above a certain signal threshold (the enhancing fraction, or "E F "). The enhancing fraction in particular has been investigated as an easily measured biomarker for predicting therapeutic response, given that it requires only one pretreatment contrast scan. A recent study using E F to predict clinical outcome of first-line therapy in patients with epithelial ovarian carcinoma found that E F from a single pretreatment scan correlated with radiologic and CA125 response, as well as time to progression [20] . Similar findings have been demonstrated in patients with gliomas and breast cancer liver metastases [21, 22] . However, some studies show conflicting results: in one study of cervical cancer, high levels of tumor perfusion predicted a better clinical response to radiotherapeutic intervention, while other studies have shown opposite results [23, 24] . Currently E F thresholds are determined post hoc, and further prospective analyses are needed to confirm these preliminary findings and potentially to establish tumor-specific cutoff values.
Dynamic contrast enhancement (DCE) imaging
The majority of clinical scans are acquired at a single point of time, providing an anatomic snapshot. However, repeated imaging of tumor enhancement during and after contrast administration can allow for a dynamic, quantitative assessment of perfusion. One measure commonly acquired through this method is the initial area under the contrast agent concentration curve (IAUC), which can be an effective indicator for tumor blood flow and vascular permeability [25] . Alternatively, with the application of kinetic models, quantitative measures of essential pharmacokinetic parameters such as vascular permeability, blood flow, vascular surface area, and interstitial pressure can be assessed [26, 27] . The rate of volume transfer between plasma and extracellular extravascular space (K trans ) is often used as a composite of these quantitative parameters and is a commonly used as a measure of tumor vessel permeability ( Fig. 1) [28] .
DCE CT is simple to perform, as CT is widely available, quick, and provides a high degree of spatial resolution; however, because DCE requires repeated measures, the high level of ionizing radiation in repeated CT scans limits its wide applicability [29] . With the development of technologies that have allowed faster image acquisition via MR, the rate of image acquisition that is necessary for assessing the pharmacokinetics of gadolinium in tumor vasculature has become possible. Several studies have demonstrated the viability of DCE for use in treatment response predictions [30] [31] [32] [33] . DCE MR has been shown to be effective in detecting response to therapy with PTK787/ZK 222584 [a vascular endothelial growth factor (VEGF) inhibitor] as early as 2 days after therapy, by measuring reductions in post-therapeutic contrast enhancement and permeability parameters [34] . Similar findings were detailed in DCE MR images taken of patients being treated with AG-013,736 [an inhibitor of the VEGF, platelet-derived growth factor (PDGF), and c-Kit receptor tyrosine kinases] and SU5416 (a selective inhibitor of VEGFR-2 tyrosine kinase) [35, 36] . While DCE MR is a promising method both for the evaluation of novel antiangiogenic drugs and evaluating patients' clinical response, lack of standardization across imaging analysis and acquisition has made study reproducibility a challenge. Assumptions used to model pharmacokinetic parameters, vascular contrast concentration calculation versus direct measurement, and contrast dosing can all vary between studies [32, 37] .
Molecular imaging methods
Beyond macroscopic imaging of tumor anatomy and perfusion, molecular imaging has the capacity to character- Fig. 1 Kinetic modeling through DCE is often used to measure K trans , a metric measured in min −1 that relates to tumor vessel permeability. Reprinted with permission from Nature [31] ize biologic processes at the cellular and subcellular level, noninvasively, within living organisms. While molecular imaging is still a developing field, a wide variety of techniques are emerging, all of which are designed with the purpose of translating fundamental physiologic and disease processes into a signal discernable through imaging contrast. Predicting response to cancer therapy has been a central motivation for the development of this technology; this is generally accomplished by pairing a method of generating a disease-specific signal with a means of transducing that signal into one that can be readily detected by the desired imaging modality. The application of molecular imaging in cancer therapy is reliant on the direct measurement of one or more of the underlying biomolecular hallmarks of cancer cells that is altered in neoplastic transformation (Fig. 2) [38] .
A cancer-specific signal can be generated either by designing reporter molecules which will concentrate in areas of disease (through, for example, specific interactions with stationary tumor biomarkers) or through "activation" of the reporter in environments that exhibit pathophysiologic conditions (such as a high pH). Using molecular imaging to detect sustained growth, antiapoptotic signals, sustained angiogenesis, or other cancer properties can both lead to easier differentiation from normal tissue and can relate how effectively a therapy is modulating these markers.
Molecular imaging modalities
Depending on the method by which molecular tumor specificity is generated, differing imaging modalities can be employed to translate that specificity into readily interpretable images. While many imaging modalities are being tested and employed for molecular imaging in research [39] [40] [41] [42] , radionuclide imaging is currently the most commonly utilized modality for leveraging molecular imaging in identifying responses to treatment in cancer. Nuclear medicine relies on the measurement of short-lived radioisotopes tracers, which, in the case of molecular imaging, can be incorporated into natural biomolecules that can detect physiologic processes in the body in ways not possible by any other imaging technique. Further, isotopic imaging is highly sensitive and is a useful modality for establishing target specificity.
Metabolic imaging
Metabolic imaging through the application of the glucose analog 18 F-fluorodeoxyglucose (FDG) using PET is the first and currently only molecular imaging method with wide application in clinical oncology. FDG PET has become standard of care at several phases of the diagnostic work-up for oncology patients and is an essential tool for differentiating between malignant and benign lesions, for gauging response to radio-and chemotherapies, and for identifying tumor recurrence and potential metastatic lesions. Increasingly FDG PET has been used for posttherapeutic evaluation therapy in conjunction with anatomic imaging and has, in several instances, been shown to be superior to anatomic-based response categorization in determining outcomes.
The now near universal adoption of FDG PET is in part a response to its ability to quantify cellular metabolism in vivo at multiple points throughout the treatment course. Post-therapeutic decreases in metabolic activity, as measured by FDG PET, have correlated well with overall survival, even in instances where anatomic evaluation via CT demonstrates residual tumor tissue. This has been recognized clinically, where an estimated 19% of PET scans performed in the USA are for response monitoring [43] .
FDG PET imaging of therapeutic response
The use of FDG PET to measure the progress of cancer therapy in advance of anatomic changes was demonstrated in 1993 by Wahl et al. in patients receiving chemo- Fig. 2 Several functions separate neoplastic cells from healthy cells. These differences can be targeted through various molecular imaging methods. Reprinted with permission from Elsevier [41] therapeutics for breast cancer [44] . This finding has subsequently been demonstrated in several additional solid tumor types and has been the subject of several reviews [45] [46] [47] . There is, for instance, mounting evidence which demonstrates that FDG PET response monitoring in several cancer types such as colorectal cancer and gastrointestinal stromal tumor (GIST) is a significant predictor of outcome beyond objective anatomic response [48] .
In solid tumors, studies have largely focused primarily on the use of FDG PET in identifying therapeutic nonresponders, given that these tumors frequently have poor response to the current therapeutic armamentarium. Within non-small cell lung cancer (NSCLC), the emergence of neoadjuvant therapies have expanded therapeutic options for patients, but have made treatment monitoring ever more critical (Fig. 3) [49, 50] . One trial found that in NSCLC patients there was a 60% discordance between therapeutic responders by CT versus PET and that of all other clinical and anatomic imaging criteria, only PET significantly correlated with survival [51] . An interesting finding in a recent prospective multicenter trial for primary breast cancer showed that a metabolic response to a single cycle of treatment, regardless of the type of chemotherapy, could predict patient outcomes [52] . Another significant result from this trial was the demonstration that low pretreatment PET activity showed poor response to primary chemotherapy overall, a finding which could imply alternative treatments (with immediate surgical resection or hormonal modulation) would be useful for these patients [52, 53] .
FDG PET-based therapeutic modification
The establishment of FDG PET's significance for response monitoring in the literature has led to a great deal of interest in codifying the use of FDG PET for modification of therapy based on early metabolic response; however, large randomized clinical trials are necessary to bring this to fruition. A single center study was conducted in esophageal cancer patients in which repeat FDG PET imaging after 2 weeks of therapy was used to identify chemotherapeutic nonresponders, who then discontinued therapy and had immediate surgical resection; this trial showed promising survival data, and a phase III trial is planned [54] . Of note, a recent multicenter trial was also conducted to identify nonresponders in locally advanced esophageal cancer to shorten preoperative therapy; however, PET did not yield enough clinical accuracy to justify early treatment withdrawal [55] .
FDG PET response criteria and limitations
The literature around lymphoma has consistently demonstrated superior outcome predictions than those that are generated with CT imaging, which has recently led to revisions in the International Working Group's response criteria which rely heavily on PET imaging [56] . However, despite analogous findings in solid tumors, recommendations for the application of FDG PET in measuring therapeutic response in specific clinical scenarios have not yet been established. This is largely due to the differences in study methodology, PET acquisition timing, histopathologic interpretation and/or clinical endpoint, as well as a lack of common definitions for therapeutic response [48, 53, 57] . These discrepancies have resulted in a lack of consistency across studies that has prevented a consensus determination on what construes the change of FDG uptake, particularly across differing cancer types [47] . Standard interpretation of PET scans with "mild" or borderline FDG uptake changes after therapy are particularly difficult and has different prognostic significance for differing tumors. Additional study variation can be attributed to differences in the kind of measures used in PET: while the European Organization for Research and Treatment of Cancer (EORTC) recommended using body surface area to standardize FDG uptake as measured by the standard uptake value (SUV) in 1999, several other measures are in use, including body weight and the metabolic rate of glucose (MRGlu) [58] . 18 F-FDG uptake is seen in the primary lesion and multiple lymph nodes. b 14 days after treatment with an EGFR inhibitor shows significant reduction in PET activity, corresponding with a 62% reduction in SUV at previous disease sites. Reprinted with permission from the Society of Nuclear Medicine [50] Efforts are ongoing to establish guidelines for PET therapeutic response. The 1999 EORTC proposal developed a framework on which to build standards for FDG PETdefined response, defining complete response as indistinguishable from surrounding normal tissue and partial response as a 15-25% reduction in pretreatment SUV after a single therapeutic cycle, or greater than 25% after more than one cycle. Progressive disease would be defined as an increase in the SUV from the baseline scan by 25% or more, or the emergence of new metastatic sites, and stable disease is declared if conditions for any of the other disease determinations are not met. Additionally RECIST 1.1 guidelines acknowledge that FDG PET is an important adjunct to CT in the determination of progressive disease and disease recurrence, but does not incorporate PET imaging into any of the core measurements of disease burden [59] . There are over 30 methods for quantifying FDG PET response currently used in practice, and work on developing an established standard is ongoing [57] .
Efforts to provide standard measures for therapeutic response notwithstanding, FDG PET has fundamental limitations as well: it is confounded by factors that alter non-neoplastic tissue metabolism, such as hypoxia, inflammation, and serum glucose level. In some tissues where glucose uptake is constitutively high, as is the case with brain gray matter, PET sensitivity is significantly reduced [60] . PET response in recurrent tumors is less likely to predict effective clinical response, as many of these recurrent tumors have lower metabolic rates and are in the setting of inflammatory scar tissue [61] . Perhaps most critically, FDG PET imaging can only inform clinicians about one dimension of cancer pathophysiology. Other in vivo measurements of cellular properties beyond FDG PET are likely to yield critical information for oncology treatment as well.
Cellular proliferation imaging (FLT PET)
Along with metabolism, cellular proliferation was among the first biomarkers of interest targeted by molecular imaging in clinical oncology, given the diagnostic and prognostic significance of this characteristic of cancer. More specifically, the process of DNA synthesis that coincides with cellular reproduction has been a clear area of focus and a commonly targeted molecular process for developing repeatable in vivo measurements of proliferation. The first efforts to accomplish this goal attempted to translate an analogous in vitro immunohistochemical process that is based on the application of labeled thymidine nucleoside precursors to recently excised tumors for measuring the proportion of tumor cells actively synthesizing DNA [62] . Measurement of labeled thymidine incorporation is still the gold standard for proliferationbased prediction of prognosis, even though clinically it has been largely replaced by assays measuring Ki-67/MIB-1 (proteins that are expressed only in actively dividing cells) because of the test's relative simplicity and reliability. Accordingly, the most studied class of tracers of proliferation studies to date have been the thymidine analogs, which have been studied for in vivo imaging of proliferation for several decades [63] . The first such efforts yielded [ 11 C-methyl]TdR, and its predecessor 2-11 C-TdR, both of which showed promise for proliferation monitoring but were too difficult to implement clinically, because of their short half-lives and their high rate of catabolism, which required sophisticated kinetic analyses [64] . Among the thymidine analogs, 3′-deoxy-3′-[
18 F]fluorothymidine (FLT) is now the most commonly used and studied, largely because of its suitably long half-life and resistance to in vivo degradation [65] .
FLT imaging validation and preclinical studies
Originally designed to be an antiretroviral or antineoplastic drug meant to terminate DNA synthesis, FLT creates imaging contrast by concentrating in replicating cells through its active transportation across the cellular membrane and subsequent cellular trapping through phosphorylation by thymidine kinase 1 (TK1). TK1 is an essential enzyme and rate-limiting step in the exogenous (salvage) pathway for thymidine generation in DNA synthesis; it is nearly absent in quiescent cells, but is upregulated in proliferating cells [66] .
Validation of FLT PET, typically measured against Ki-67 cellular proliferation assays, has met with mixed results, depending on the cancer type. In breast and in brain cancer FLT activity was shown to be correlated with in vitro proliferation measurements, and comparisons of FDG versus FLT imaging for proliferation in lung tumors have generally favored FLT [67, 68] . However, correlation with FLT PET activity and proliferation markers was not established in esophageal cancers, demonstrating variability of FLT based on cancer type [69] [70] [71] . FLT studies appear to be generally repeatable: de Langen et al. established that semiquantitative FLT imaging techniques were as accurate as more complex kinetic studies and that changes of 20-25% or more can be attributed to treatment-related changes [72] .
Several animal studies have shown early and pronounced reductions in FLT uptake after chemotherapy as compared with FDG PET. Some studies have demonstrated FLT PET response to radiotherapy within 24 h of treatment [73] [74] [75] [76] . In one example, Pan et al. showed that irradiated mammary MCaK tumors showed changes in FLT PET activity 24 h after a 5-Gy dose using both kinetic and semiquantitative methods [77] . FLT PET response appears to be therapy dependent; however, one recent study using a murine follicular lymphoma model showed significant FLT activity reduction after chemotherapy, but not after administration of immunotherapeutic agents or radioimmunotherapy, even in the presence of demonstrated changes in proliferation by histology [76] . This implies that posttherapeutic uptake of FLT is dependent on a broader set of cellular changes than those responsible for proliferation.
Clinical FLT studies
FLT has provided some limited utility in cancer detection and staging. For example, FLT has shown some promise as a method for increasing specificity for neoplasm in patients with solitary lung nodules [78] . However, studies thus far have suggested a limited role in staging, as FDG generally provides better cancer to normal tissue contrast than FLT. A potential exception is in brain tissue, where FDG PET has poorer tumor contrast due to the high background metabolic rate of gray tissues. FLT PET has shown promise in detecting gliomas and in one study has been shown superior to FDG imaging in differentiating low-and high-grade brain tumors from non-neoplastic processes [69, 79] . Thus, FLT PET may serve as an adjunct to FDG for cancer screening and detection in some limited indications.
Human trials to validate FLT therapeutic response have been limited, but these preliminary studies have shown some promise. Two small studies of breast cancer patients demonstrated correlation between FLT activity reduction and therapeutic response, one which showed a significant difference in SUV max at 1 week between patients with stable disease versus clinical response [80] . FLT PET may have additional utility for characterizing emerging therapies with heterogeneous response profiles. For example, Sohn et al. demonstrated that therapeutic response by conventional imaging in patients with adenocarcinoma of the lung to the EGFR inhibitor gefitinib could be effectively predicted at 1 week after the start of therapy using FLT imaging (Fig. 4 ) [81] . Using changes in SUV max , the investigators were able to predict objective anatomic response with positive and negative predictive values of 92.9%. While overall survival between groups was not significant, and the SUV max threshold was determined post hoc, this study demonstrates promise for FLT as a potentially useful tracer for imaging therapeutic response.
FLT PET limitations and future directions
FLT PET imaging has significant limitations: FLT is highly retained in bone marrow as well as in the liver, where it undergoes extensive glucuronidation, leading to high background enhancement in these tissues and reducing the potential utilization of FLT near these organs [82] . Proliferation of lymphocytes within lymphatic tissues can also lead to false positives by FLT [83] . Beyond this, it is clear from these preliminary studies that the relationship between proliferation and FLT PET enhancement is not a simple one, and further study is needed. Uptake is generally lower than FDG, and further kinetic studies are necessary to ensure FLT stays within the cells in question. FLT uptake is dependent upon TK1 activity through activation of the salvage pathway, which does not correlate with proliferation in all tumor types; in some cancers, the de novo pathway appears to be dominant, which may explain the variability of post-therapeutic response between cancer types [71, 84] . Additionally, different therapeutics may have unexpected effects on key components of this pathway, which may confound the interpretation of post-therapeutic changes [85] . Therefore, it remains to be seen whether FLT can become an effective predictor of overall survival.
Angiogenesis imaging
Angiogenesis is a highly regulated process in normal physiology; however, cancer cells often promote local angiogenesis to support tumor growth. Tumors are generally limited to a diameter of 2-3 mm without additional blood supply, so neoplastic lesions are generally not life-threatening until the milieu of pro-and antiangiogenic factors shifts in the favor of vessel development [86, 87] . Markers of increased angiogenesis have been recognized as effective targets for therapeutics, as well as a promising, novel means of cancer imaging [88, 89] . Following the success of the anti-VEGF antibody therapeutic bevacizumab as a first-line cancer therapeutic, interest in development of angiogenic pathway modulators has grown substantially.
Antiangiogenic agents are generally cytostatic and do not necessarily cause large reductions in tumor volume on a short timescale even when they are effective, which reduces the utility of anatomic measures in monitoring response to these agents. Physiologic imaging methods of measuring tumor perfusion discussed previously, like DCE MR, have some utility for assessing therapeutic response, but cannot reflect the more immediate molecular level a therapeutic may have. FDG PET studies of tumors treated with antiangiogenic therapies often result in a paradoxical increase in activity, which makes interpretation of post-therapeutic studies using current techniques difficult [90] . Several angiogenesis imaging tracers are currently in clinical and preclinical testing and hold promise for future application in therapeutic response monitoring.
RGD imaging
Integrins are heterodimeric transmembrane glycoproteins that function in a wide variety of cell-extracellular matrix and cell-cell interactions [91, 92] . This class of proteins is essential in cellular migration, metastasis, and in the development of new vessels. The various integrin dimers can combine to create at least 24 integrin types, though integrin α v β 3 has been the most thoroughly studied to date [93] . A common property to many integrins, including α v β 3 , is their interaction with the arginine-glycine-aspartic acid (RGD) sequence found in extracellular matrix proteins like vitronectin, fibrinogen, thrombospondin, and fibronectin [94] . Expression of α v β 3 and the production of proteases such as matrix metalloproteinases (MMPs) allow the migration of endothelial cells through the interstitial matrix during vessel formation [95, 96] . In addition, α v β 3 is expressed on the surface of a variety of tumor cell types, which aids in tumor migration and metastatic spread [97, 98] .
Haubner et al. developed the first radiolabeled RGD peptide markers for use in vivo, which showed good tumor affinity (particularly for the M21 melanoma tumor model), but had early clearance and high uptake in the liver [99] . Since that time, several advancements, such as conjugation with hydrophilic amino acids, sugar moieties, and polyethylene glycol (PEG), have led to much improved pharmacokinetic profiles [100, 101] . Based on refinements through affinity studies several RDG peptide alterations have been made, and now both linear and cyclic pentapeptide forms of RGD are frequently used [102, 103] . A variety of radiohalogenated or radiometalated RGD conjugate types have been developed using various chelator methods, like diethylenetriaminepentaacetic acid (DTPA), 1,4,7,10-tetraazacyclododecane-N-N′-N″-N′″-tetraacetic acid (DOTA), and others [104] [105] [106] .
Initial clinical studies of RDG tracers have shown good tumor to background activity, rapid renal clearance, and dosing that correspond closely with that of FDG PET [107] . Histologic studies have confirmed that RGD uptake correlates closely with tumor α v β 3 integrin expression [108] . Integrin α v β 3 is predominantly expressed in endothelial cells, so RGD tracers correlate with microvascular density as well [109] . Significantly, in a comparative study in patients with non-small cell lung cancer, there appears to be no correlation between FDG PET and 18 F-galacto-RGD tumor activity across several tumor types, so each technique likely provides unique, independent information on molecular tumor processes (Fig. 5) [110] .
Physiologic RGD interactions are thought to be based on multivalent interactions with clusters of integrin membrane proteins. To identify tumors more effectively in areas of high physiologic integrin expression, such as the liver, spleen, and intestine, advancements in tumor specificity Fig. 4 a Decreased FLT tumor uptake is seen a week after gefitinib treatment, followed by a CT scan which shows anatomic response after 6 weeks. Similar studies of a nonresponding patient (b) show no significant changes after a week after gefitinib. Reprinted with permission from the American Association for Cancer Research [83] have been achieved by using multiple RGD peptides per tracer isotope. In mice with SK-RC-52 renal cell carcinoma xenografts, monomeric, dimeric, and tetrameric cyclic RGD tracers conjugated with DOTA and radiolabeled with 111 In showed that tumor uptake of the tetramer exceeded that of both the dimer and the monomer [111] . Further, in vivo microPET imaging demonstrated higher uptake and retention using 64 Cu-DOTA-RGD octamer in U87MG human glioblastoma tumor grafts as compared with tetramer versions [112] . Using PEG 4 linkers to introduce distance between RGD motifs has also been shown to increase tracer affinity [113] . Additionally, binding ligands for α 5 β 1 , an integrin that has low baseline endothelial expression but is highly expressed during neovascularization, are currently under development [114] . There are not yet significant data on the use of RGD imaging for measuring therapeutic response, but RGD imaging is likely to have application in monitoring antiangiogenic agents.
VEGF imaging
VEGF-A (commonly referred to as VEGF) is a potent mitogen and key regulator of neovascularization in development, somatic growth, and neoplasm. Alternative mRNA splicing results in at least seven isoforms of VEGF with varying solubility characteristics and receptor binding affinities, and can be excreted into the extracellular matrix or be bound to cell surface proteoglycans [115] [116] [117] . There are two VEGF receptor tyrosine kinases types, VEGFR-1 and VEGFR-2, which are expressed primarily on endothelial cells. VEGFR-1 expression varies with the stage of development, cell types, and on physiologic state, while VEGFR-2 is believed to be the key transducer for angiogenic and mitogenic properties [118] . An elevated level of VEGF is a known poor prognostic sign in cancer, correlating with increased metastatic invasion [119] . As other agents emerge to modulate the VEGF pathway, noninvasive imaging agents have emerged to provide molecular tumor characterization for optimizing these therapies.
VEGF imaging has been accomplished largely by using radiolabeled antibodies; the first imaging of VEGF expression was performed utilizing radiolabeled bevacizumab, in mice with SKOV-3 ovarian xenografts [120] . VG76e, an IgG1 antibody targeted against VEGF, showed high tumor to background contrast, but the antibody showed poor immunoreactivity, limiting the tracer's potential use as an imaging agent. In a phase I trial of HuMV833 humanized anti-VEGF antibodies, patients with solid tumors were imaged using radiolabeled HuMV833 after treatment with the antibody. Distribution and clearance were found to be heterogeneous both between patients and individual tumors [121] . 111 In-labeled bevacizumab has been used to image VEGF in colorectal cancer patients with liver metastases. In this study, 9 of 12 patients with metastatic lesions were detected with labeled bevacizumab; however, surprisingly no correlation was found between the level of antibody accumulation and expression of VEGF in postresection analysis [122] . The apparent difficulties in VEGF imaging are likely to be related to the dynamic nature of VEGF's soluble forms.
An alternative approach has been to image VEGFR expression using radiolabeled soluble forms of VEGF, like VEGF 121 . 64 Cu-DOTA-VEGF 121 demonstrated prominent uptake in small U87MG grafts, which are highly vascularized, but significantly lower and sporadic uptake in large [103] U87MG tumors, which have less prominent vascularization [123] . A follow-up study demonstrated VEGFR-2 expression was increased in a narrow window of tumor sizes [124] . The finding that VEGFR expression is modulated during the progression of a single tumor may imply repeated VEGFR-targeted studies may be useful for guiding antiangiogenic therapies [123] . An imaging study of a VEGFR-specific toxin, VEGF 121 /rGel (composed of VEGF 121 linked to the plant toxin gelonin), demonstrated high contrast in glioblastoma tumor grafts [125] . Histology confirmed microvascular damage in the tumors after four treatments of VEGF 121 /rGel and shows the promise for VEGFR targeting for both imaging and therapeutic interventions.
MMP imaging
MMPs are a family of extracellular proteins which enzymatically disrupt the structural components of the extracellular matrix and basement membranes. The over 20 identified MMPs have been observed to play various roles in angiogenesis, development, wound healing, and the generation and release of growth factors, cytokines, chemokines, and proteinase inhibitors [126] [127] [128] . While many MMPs are expressed by malignant cells to promote angiogenesis and metastatic dissemination, MMP-2 and MMP-9 are most consistently present across cancer types [129] [130] [131] .
Koivunen et al. discovered a cyclic peptide known as CTT through phage display techniques that inhibit MMP-2 and MMP-9 activity that prevents tumor growth and metastasis [132] . 111 In-radiolabeled CTT was used to measure MPP-2 and MMP-9 expression levels and showed a significant correlation between signal and both normal and tumor tissue MPP activity [133] . However, CTT imaging is currently limited by relatively poor tumor uptake and peptide stability [134] . Another approach to imaging MMP activity has been through labeling small molecule MMP inhibitors, such as CGS 25966 and CGS 27023A, which deactivate MMP by chelating the zinc ion of the active site [135, 136] . 11 C and 18 F versions of these and other MMP inhibitors have been developed but have suffered from poor tumor contrast and nonspecific activity in preclinical trials [137, 138] . While additional MMP tracers with different isotopes have been developed as well, significant improvements in MPP will be necessary before tracers could be used clinically.
Other angiogenesis imaging methods
Several additional angiogenesis biomarkers have been identified that may have efficacy for angiogenesis imaging in the future. For instance, fibronectin is a large glycoprotein present in plasma and in extracellular matrix. However, fibronectin attains a 91 amino acid sequence known as the "extra domain B" through alternative splicing in the setting of angiogenesis and in the presence of a variety of solid tumors [139] . Several antibodies and antibody fragments have been developed to target extra domain B [139, 140] . One such antibody, L19, was labeled with 123 I and was able to selectively identify actively growing (versus quiescent) colorectal and lung tumor lesions in patients [141] .
Similar to fibronectin, tenascin is an extracellular protein that expresses extra domain C, which is present in astrocytoma vasculature, as well as in the majority of lung cancers [142] . A human antibody fragment with high affinity to extra domain C containing tenascin named G11 has been developed, which showed good contrast in an orthotopic rat glioma model [143] . Additionally, several other angiogenesis biomarkers, including Tie receptors and CD276, are also potential targets for angiogenesis imaging [144, 145] .
Hypoxia imaging
Hypoxia is a well-known poor prognostic factor in patients with a variety of primary tumor types [146] [147] [148] . Hypoxic tumor cells have increased radio-and chemotherapeutic resistance as well as increased metastatic activity, resulting in an increased failure of local control [149, 150] . The importance of hypoxia in tumor pathophysiology and its prognostic relevance makes a standard diagnostic methodology for its measurement desirable, particularly in planning radiation therapy [151] . The current gold standard method, placement of oxygen-sensing electrodes, is invasive and suffers from significant intraoperative variability [147] . Several noninvasive MR techniques have been developed, including measurement of oxygen tension by detecting levels of paramagnetic deoxyhemoglobin or by using injections of free radical contrast agents with subsequent measurement of paramagnetic electron resonance [152, 153] . However, flow heterogeneity and other factors limit the reliability of functional MR techniques and have further promoted the development of novel hypoxiaspecific radiotracers [152] . Early studies of emerging hypoxia-sensing tracers, like 18 
FMISO imaging
FMISO is the most extensively studied tracer in the nitroimidazole class of agents, which convert to a prolonged reduced state in hypoxic tissues and ultimately bind with intracellular macromolecules causing retention within viable hypoxic cells [154] . Several studies have demonstrated positive 18 F-FMISO uptake (generally defined as a tissue to blood ratio of greater than 1.2 at 2 h post-administration) negatively correlates with overall survival in patients with head and neck cancer [155, 156] . Rischin et al. found that in patients with stage III and IV head and neck squamous cell carcinoma (SCC) demonstrating anoxia by FMISO had significantly decreased locoregional failure (LRF) rates when using a tirapazamine-containing chemoradiotherapy (a prodrug that converts to active form in low oxygen environments) as compared to the standard platinum/fluorouracil-based therapy [157] . While protocols for treatment in the setting of hypoxia have not been established, this study demonstrates the potential for such an approach. However, preliminary studies have shown mixed results in different tumor types. In a study of 22 patients with glioblastoma multiforme tumors, hypoxia as measured by 18 F-FMISO activity was correlated with decreased time to progression and survival in patients receiving radiotherapy (Fig. 6 ) [158] . However, no 18 F-FMISO activity correlation was found in patients with non-small cell lung cancers [159] .
While FMISO is lypophilic and readily crosses cellular membranes, it suffers from poor tissue penetration, resulting in low contrast between hypoxic and normal tissues. Further, FMISO has a slow cellular washout rate, requiring image acquisition to take place 2 h after administration to allow normal tissue clearance, by which time 18 F will have decayed by greater than one half-life (T 1/2 = 109.7 min). These limitations have largely restricted the use of 18 F-FMISO in clinical practice [160] . Several alternatives have emerged:
18 Ffluoroazomycin arabinoside (FAZA), for example, is cleared from background tissues more quickly and thus results in higher tumor to background ratios [161] . In patients with head and neck cancers, FAZA showed slightly higher tumor to background ratios (hypoxia was defined as a ratio greater than 1.5), and significant interpatient and inter-tumor heterogeneity was apparent [148] . Similar findings were demonstrated in the 2-nitroimidazole agent 18 F-2-(2-nitro-1 H-imidazol-1-yl)-N-(2,2,3,3-pentafluoropropyl)-acetamide (EF5), which has shown both improved kinetics and the ability to identify both soft tissue sarcomas and brain tumors with high metastatic potential, but the key problem for EF5 is poor yield of radiosynthesis [162, 163] . Similar agents are emerging, like 18 F-1-(2-fluoro-1-[hydroxymethyl]ethoxy) methyl-2-nitroimidazole (FRP170) and other nitroimidazole tracers, which boast improved biodistribution properties. However, many have not yet been tested for clinical utility [164, 165] .
Cu-ATSM imaging
Cu-ATSM is the most common and well studied of the dithiosemicarbazone-based hypoxia imaging agents. Similar to FMISO, Cu-ATSM undergoes reduction and is trapped within hypoxic cells; however, Cu-ATSM is reduced in states of more mild tissue hypoxia, with threefold greater retention in tissues with partial pressures of oxygen between 0.1 and 0.5% [166] . Various isotope candidates have been considered in conjunction with Cu-ATSM, including 60 Cu (T 1/2 =23.7 min), 61 Cu (T 1/2 = 3.35 h), 62 Cu (T 1/2 =9.74 min), and 64 Cu (T 1/2 =12.7 h). Cu isotopic labeling provides greater flexibility with timing than 18 F, and Cu-ATSM exhibits improved pharmacokinetics with quicker normal tissue clearance than FMISO, allowing imaging acquisition within an hour and greater resultant tumor to background ratios.
Cu-ATSM was originally used successfully for delineating ischemic myocardial tissue in animal studies [167, 168] . A preliminary human trial showed increased myocardial uptake in one patient with unstable angina [169] . Cu-ATSM was evaluated in lung cancer patients, which demonstrated a strong tumor contrast with high tumor to background ratios (mean of 3.00 and max. of 9.33) [170] . Further studies evaluating Cu-ATSM in cervical and rectal cancer have been encouraging as well [171] [172] [173] . Dietz et al. demonstrated that tumor tissue with increased Cu-ATSM activity (ratios greater than 2.6) had poorer overall and progression-free survival. The study also demonstrated that Cu-ATSM activity was independent of FDG PET activity [171] . Similar results were found in patients with cancer of the uterine cervix, which also compared 60 Cu-ATSM and 64 Cu-ATSM image quality and found the much longer lived 64 Cu-ATSM to be superior. This finding may pave the way for the largescale production needed for multicenter validation trials [173] . A recent study demonstrated that small cell carcinoma showed high Cu-ATSM and low FDG activity at the periphery of the tumors but low Cu-ATSM and high FDG uptake at the center [174] . This pattern was not present in lung adenocarcinoma, indicating that combined Cu-ATSM and FDG PET studies could be a means for future diagnostic differentiation. However, Cu-ATSM may not be an effective hypoxia marker in all cancer types: in a study validating Cu-ATSM activity in animal models of various tumor types with histopathologic evaluation, correlation could not be established in fibrosarcoma tumors [175] .
Apoptosis imaging
Apoptosis, or programmed cell death, is a highly regulated cellular process by which cells die in both healthy and disease states [176] . As opposed to necrosis, which is disordered cellular death generally arising from acute cellular damage, apoptosis is a multistep process by which cellular components are degraded and packaged into apoptotic bodies for ordered phagocytosis [177] . DNA damage, immune reactions, ischemic injury, as well as chemo-and radiotherapy all can lead to the activation of the apoptotic process. Additionally, apoptosis is the most common pathway for treatment-induced cancer cell elimination and lack of apoptosis can potentially be a sign of treatment failure. Therefore, apoptosis has been viewed as a potentially useful biomolecular process for treatment assessment through in vivo imaging [178, 179] .
Annexin V imaging
Phosphatidylethanolamine (PE) and phosphatidylserine (PS) are reliable apoptotic cellular surface signals that aid in cellular degradation and phagocytosis [177, 180] . In nonapoptotic cells, aminophospholipid translocase has ATP-dependent action to keep PE and PS on the inner surface of the cellular phospholipid bilayer [181] . However, when apoptotic pathways are activated, PE and PS are expressed on the cell surface through Ca 2+ -dependent deactivation of translocase and the activation of scramblase, which ultimately facilitates apoptosis of the cell [182] . Accordingly, PE and PS are common targets in apoptosis imaging. Annexin V, a human anticoagulant protein, selectively binds PS in a Ca 2+ -dependent fashion and has been utilized in several capacities for labeling apoptotic cells [182, 183] .
Blankenberg et al. were the first to use annexin V for in vivo imaging using 99m Tc labeling and demonstrated that murine lymphoma xenografts had higher activity 3-4 h after treatment with cyclophosphamide [184, 185] . The first trial in a population of 15 patients with late stage small and non-small lung cancer, Hodgkin's and non-Hodgkin's lymphoma, and metastatic breast cancer showed potential correlation between post-treatment 99m Tc-labeled annexin V SPECT activity and treatment response at 3 months [186] . This study demonstrated potential for annexin V imaging, but the labeling chemistry employed resulted in relatively low synthetic yields and nonspecific excretion into the bile, confounding any potential application in the abdomen [187] . An improved labeling technique using the agent hydrazinonicotinamide (HYNIC) has become stan- Fig. 6 a, b A patient [162] dard because of its much improved yield, ease of labeling, and lack of bile excretion; however, HYNIC labeling has the drawback of increased radioactive signal in the kidney, limiting its use for perirenal imaging [188] [189] [190] .
Additional studies in treatment of both small and nonsmall cell lung cancer showed correlations with an increase in baseline annexin V imaging activity and objective tumor response after platinum-based chemotherapies [190, 191] . Lung cancer patients showed that tumor response correlated significantly with increases in annexin V SPECT imaging 48 h after the first cisplatin injection [191] . Kartachova et al. recently performed a study of 38 patients with mixed primary head and neck tumors that outlined quantitative and a qualitative guidelines, respectively, based on maximal counts per pixel or visual assessments, which resulted in highly specific response predictions and low inter-operator variability in both cases (Fig. 7) [192] . Additional studies in head and neck cancer, lymphoma, and breast cancer have demonstrated similar outcomes [193] [194] [195] . In an effort to lower kidney activity and increase tumor contrast, several annexin V mutants have been developed which can chelate isotope radiolabels without linkage molecules. The most well known of these mutants is V117, which contains a six amino acid sequence at the N-terminal end of the protein which chelates 99m Tc and has the benefit of much lower in vivo renal retention [196] . A similarly modified annexin mutant, V128, showed approximately twice the level of uptake as annexin tracers that had been modified for labeling, presumably because these tracers had fewer binding sites [197] .
Other apoptosis imaging techniques
Several other targeting agents have been developed for targeting the PE-and PS-expressing apoptotic cells. The C2A domain from synaptotagmin I, a membrane trafficking protein, binds to PS and was labeled with 99m Tc to image non-small cell lung tumor graft response to intravenous paclitaxel therapy. A positive correlation was seen between activity and histologic measures of apoptosis [198] . Similar exploratory studies have been performed with 99m Tclabeled duramycin, a low molecular weight and highly stabile 19 amino acid peptide sequence that binds PE, which have shown promising results [199] . As an alternative to imaging apoptosis by targeting PE or PS, isatin sulfonamide analogs image the internal pathway of apoptosis by targeting caspases, which are essential proteolytic enzymes in the intracellular apoptotic cellular degeneration process. One such analog, WC-II-89, demonstrated proof of concept in an animal model with chemically induced hepatocyte apoptosis [200] . However, most caspase-based approaches have suffered from low tumor contrast rates in other studies [201] .
Recently, a new group of agents known as ApoSense tracers have been developed which are able to selectively enter apoptotic cells. These tracers are low molecular mass, Fig. 7 Non-Hodgkin's lymphoma in a patient with enlarged lymph nodes of the left neck. Coregistered SPECT and CT images before (a, c) and SPECT 48 h after (b) low-dose radiotherapy showing a marked increase of labeled annexin V uptake in the tumor. Complete anatomic response is demonstrated in a CT performed 1 month later (d). Reprinted with permission from Wolters Kluwer Health [196] amphipathic agents that anchor to cell membranes at their hydrophobic domain, while relying on the increased movement of molecules between the inner and the outer layers of the cellular membrane during apoptosis to "flip" inside of dying cells and to bind a yet unknown apoptotic biomarker. A member of this class of molecules, NST-732, has been developed both with 18 F isotopic and fluorescence imaging capabilities, which demonstrated high activity in irradiated lymphoma and ischemia-induced experimental apoptosis states [202] . Didansyl-L-cystine (DDC) is a similar molecule which has shown promise after initial treatment monitoring studies in melanoma tumor models after treatment with chemotherapeutics [203] . While these molecules have yet to be fully characterized, 18 F-labeled 5-fluoropentyl-2-methyl-malonic acid ( 18 F-ML-10), a similar ApoSense small molecule designed specifically for radiolabeling, is currently undergoing early stage clinical trials.
Conclusions and perspectives
While anatomic assessment of tumor changes is still the standard for assessing therapeutic response, several emerging techniques, based on a spectrum of physiologic biomolecular changes, are emerging to alter this paradigm. The development of guidelines for measuring FDG PET response through multicenter trials is needed, but is only a first step: continued validation is required for tracers that go beyond FDG PET to measure the full extent of cancer cell physiology. A number of other metabolic tracers such as radiolabeled amino acids and choline have already entered clinical trials. The continued validation of novel tracers, whether small molecules, peptides, antibodies, or other methods, has largely taken place within the realm of isotopic imaging, because of the modality's high sensitivity and quantitative capabilities. Still greater exploration and validation with PET will be needed to ensure the relationship between target binding and PET signal quantification before translation of these tracers to humans can be accomplished.
However, the greatest potential for these novel tracers will be achieved through leveraging a multimodality approach which takes advantage of multiplexed imaging techniques to generate a comprehensive evaluation of tumor physiology. Development of a multimodal imaging method would yield tremendous clinical benefits, including improved lesion detection, patient stratification, treatment monitoring, dose optimization, and drug development. For these benefits to be effectively realized, additional targets must be identified, optimized reporter labeling methods must be established, pharmacokinetic/dynamic characteristics must be further tuned, and additional clinical studies must take place. While novel tracers have traditionally suffered from poor clinical translation because of a perceived low market potential relative to the costs of development, this has gradually changed as the potential for these tools has increasingly come to light through accelerated research interest. Molecular imaging advances at the preclinical level and new US Food and Drug Administration (FDA) procedures allowing faster transitions to first-inhuman trials have been a boon to the translation of new molecular imaging techniques to the clinic. Nevertheless, a concerted, focused effort and the allocation of additional resources are likely needed to effectively translate molecular imaging techniques to the clinical environment.
